Abstract: Nitrifiers (bacteria, n = 160) were enriched and isolated from samples of hydrothermal waters, sediments, invertebrate tissues, and chimney rocks collected from two East Pacific deep-sea hydrothermal vents (2000 m): the 13"N site and the Guaymas Basin. They were nitrite producers and seemed be widely and uniformly distributed in various parts of hydrothermal ecosystem. These bacteria grew and nitrified better heterotrophically than autotrophically and they possessed characteristics of heterotrophic nitrifiers. All were aerobic, mesophilic gram-negative rods with a unfermentative metabolism and 88% were nitrate reducers or denitrifiers. They were characterized by a high physiological and nutritional diversity, and because of their ability to ammonify, nitrify, and reduce nitrate, they could largely contribute to the nitrogen cycle in hydrothermal sites.
Introduction
oxidation  The biological conversion of reduced forms of nitrogen to nitrite and nitrate is catalyzed by two types of microorganisms. The best known are the autotrophic ammonia-and nitriteoxidizing bacteria placed in the family Nitrobacteraceae (Watson 1974; Watson et al. 1981 Watson et al. , 1987 . These organisms are obligately autotrophic. The other very little known type consists of a group of unspecialized heterotrophic microorganisms, bacteria, fungi, and even some algae (Focht and Verstraete 1977; Killham 1986; Bock et al. 1992) .
There are numerous differences between autotrophic and heterotrophic nitrifiers. The group of heterotrophic nitrifying organisms gathers a wide variety of species for which the nitrogen oxidation property is not regarded as taxonomically significant (Verstraete 1974; Focht and Verstraete 1977) . The process of heterotrophic nitrification is not coupled to growth and these organisms do not gain energy from the nitrogen
Author to whom all correspondence should be addressed. Castignetti et al. 1990 ). Numerous bacteria simultaneously are able to nitrify heterotrophically and denitrify aerobically (Castignetti and Hollocher 1984; Kuenen and Robertson 1987; Robertson et al. 1989) ; thus their nitrification rates are often underestimated. In addition, compared to lithoautotrophic nitrifiers, only small amounts of nitrite or nitrate are formed; the published rates are always lo4-lo5 times lower than autotrophic nitrification rates. Therefore, heterotrophic nitrifiers have not generally been considered as important sources of oxidized nitrogen in terrestrial or aquatic ecosystems. However, these organisms may be of importance in specific ecosystems, where they are least affected by environmental conditions (Schimel et a1 1984; Killham 1986 Killham , 1987 . This has been demonstrated to occur in organic soils (Tate 1980) , in acid environments (Martikainen 1985) , in highly alkaline and nitrogen-rich aqueous environments (Focht and Verstraete 1977) , and in high-temperature ecosystems, especially because activity of the autotrophic nitrifiers ceases above 40°C (Etinger-Tulczynska 1969; Ishaque and Cornfield 1974; Myers 1975) . Consequently, in ecosystems where autotrophic nitrifiers are inhibited, heterotrophic nitrification may be widespread and may dominate nitrogen-cycling processes.
Deep-sea hydrothermal ecosystems are characterized by an anoxic and thermally altered seawater, containing high concentrations of reduced inorganic compounds and volcanic gases (Jannasch 1985) . They encompass an expansive range of closely linked gradients, in both physical and chemical conditions (Baross and Hoffman 1985) . In these habitats deprived of solar light, the food web is fuelled by chemoautotrophy, mainly based on sulfur-oxidizing bacteria (Felbeck and Somero 1982; Tuttle et al. 1983 ), but methane-, hydrogen-, iron-and manganese-oxidizing bacteria have also been found (Jannasch and Mottl 1985) . However, strictly autotrophic microorganisms seemed to be rare and it seems that the majority of hydrothermal bacteria are mixotrophic or facultative chemolithotrophic (Jannasch and Wirsen 1985; Ruby et al. 1981; Karl 1987) . Also, various heterotrophic microbial processes had been demonstrated in these biotopes (Jannasch and Wirsen 1981; Lilley et al. 1983; Tuttle et al. 1983; Prieur et al. 1987 Prieur et al. , 1990 Karl et al. 1989) .
In these hydrothermal ecosystems, bacteria of the nitrogen cycle also would be expected to exist and have similar roles as in other systems. The presence of nitrate reducers and denitrifiers has been demonstrated in hot spring ecosystems (Hollocher and Kristjansson 1992) . Also it is believed that nitrifiers exist in hydrothermal habitats. Some researchers described positive enrichments obtained from water and invertebrate samples (Lilley et al. 1983; Jannasch 1985; F'rieur et al. 1990) , and intracellular membrane structures typical of nitrifirs were observed on transmission electron micrographs Lilley et al. 1983 ). Also, it seems that autotrophic nitrifying acteria are potentially present in deep-sea vent sites (Jannasch 1985) , but no isolation has yet been done from these positive ultures. In addition, for Guaymas Basin, high concentrations f ammonia have been reported and the occurence of nitrificaion is suggested again (Jannasch and Mottl 1985) . The objective of this work was to study the distribution of autotrophic nitrifying bacteria originating from deep-sea hydrothermal vent fields, because these organisms must be present in these environments (Jannasch 1985) . However, no obligate autotrophic nitrifier was isolated, although a mineral medium was used. On the other hand, numerous heterotrophic nitrite producers were isolated. Also in this work, we studied the activity and diversity of heterotrophic nitrifiers originating from East Pacific deep-sea hydrothermal vents.
Materials and methods

Sampling sites and processing
Samples were obtained from deep sea hydrothermal vents located on the East Pacific Rise at 13ON and 2600 m deep (Desbruykres et al. 1982) , during the cruise "Hydronaut" from October to November 1987, and in the Guaymas Basin at 2000 m deep in the central portion of the Gulf of California (Simoneit and Lonsdale 1982) , during the cruise "Guaynaut" in November 1991. The later site was different because hot vents were overlayed by about 2000 m of sediment rich in ammonia and organic matter.
One hundred and five samples were collected (29 from 13"N and 76 from Guaymas Basin). They originated from various hydrothermal materials: invertebrate tissues, chimney fragments, seawater, hydrothermal fluids and sediments. Solid samples were collected with the arm of the submersible "Nautile" and brought to the surface in an insulated box. Hydrothermal waters were sampled using titanium bottles.
Isolation procedure
Samples were transferred aboard the mother ship "NIO Nadir." Upon recovery, invertebrates and chimney fragments were rinsed in sterile seawater. Then invertebrates were homogenized with a Polytron grinder and chimney fragments were vortexed for 1 min in sterile seawater. Sediment cores were subsampled and 3-5 g portions were transferred to 10-mL sterile seawater. Samples of 0.1 mL of suspension (invertebrate tissues, chimney fragments and sediments) or 1 mL of water without preliminary treatment (seawater and hydrothermal fluids) were inoculated into 10 mL liquid mineral medium and stored at 5OC. This medium contained 200 mg (NH4)2S04, 50 mg K2HP04, 200 mg MgS04. 7H20, 20 mg CaC12, 0.1 mL of 0.1% Fe-EDTA solution, 2 mL of 0.05% phenol red solution, and 1000 mL filtered seawater. The pH was adjusted to 7.5 after autoclaving, by dropwise addition of 5% Na2C03 solution. It was adapted to the isolation of autotrophic nitrifiers (MCvel 1986 ) and used as basal medium for enrichment and isolation of nitrifiers, because autotrophic ammonia oxidizers were expected. The isolation procedure was also adapted to autotrophic organisms.
On return at the laboratory, initial enrichment cultures were incubated for 3 months on a rotary shaker at 20°C in the dark, and periodically analyzed for changes in nitrite by Bendschneider and Robinson's (1952) method and nitrate by de Barjac's (1952) method. No nitrification was detected, but cultures were serially diluted and dilutions were spread on to plates according to Lewis and Pramer (1958) . Basal medium was solidified with 1.5% Difco Noble Agar and phenol red was omitted, but 8 mL of 1% aqueous neutral red was added. The dye neutral red performs the dual role of pH indicator and vital stain, colouring acidogenic colonies deep red and heterotrophic colonies pale orange. The autotrophic ammonia oxidizers are acidogenic and their colonies can be visually differentiated from those of heterotrophs (MacDonald and Spokes 1980) . After 3 weeks incubation at 20°C in the dark. the most coloured colonies were vicked from agar plates and transferred in wells of microtiter plates containing 0.1 mL of fresh liquid basal medium. These microtiter plates were incubated under the same conditions as agar plates. The ability of the isolates to oxidize ammonia was tested by measurement of nitrite using the Griess Ilosvay colourimetric spot test (Schmidt 1982) .
The positive cultures (nitrite producing) were reinoculated in microtiter plates and retested for their nitrite production. This procedure was repeated three times and all nitrite-producing strains were selected. Their purity was checked by plating them on the isolation solid medium and by microscopic observation.
Physiological study
Selected strains were cultivated in the basic mineral medium (enrichment medium) and an organic medium, the modified 2216E medium (Oppenheimer and Zobell1952) . It was composed with Difco peptone (16% organic N), 4 g; 1 g Difco yeast extract (10% organic N) and 1000 mL filtered seawater (pH 7.5). This medium was ammonia free but it contained 740 mg organic N/L. Cultures were standardized. They were made in 30-mL tubes with 9 mL medium, inoculated with 1 mL of 24-h-old culture, and incubated under the same conditions than the enrichment cultures (on rotary shaker for a good oxygenation, at the room temperature and in dark). Cultures were sampled at the beginning of the experiment, and then monitored weekly in mineral medium and each day in organic conditions.
Concentrations of nitrite were determined by the Griess method (Strickland and Parsons 1972) and the presence of nitrate and ammonia were simply estimated by colourimetric spot tests. Nitrate was tested by diphenylamine reagent (de Barjac 1952) and ammonia was tested by Nessler's reagent. These tests were not sensitive at low concentrations (<5 mg N/L) and only indicated the presence of these nitrogen compounds in cultures. Cell growth was measured turbidimetrically as the absorbance percentage at 600 nm. Before nitrite and growth measurements, samples were diluted in sterile fresh medium and results were given for undiluted samples.
Diversity study
The nitrite-producing hydrothermal isolates were used for a diversity study with five strains obtained from the ATCC to serve as reference strains: Flavobacteriurn marinotypicum 19260, Arthrobacter sp. 21 908, Pseudomonas nautica 27 132, Alcaligenes aquamarina 33 127, and Pseudomonas sp. 3945 1. These reference strains were selected because of their ability to oxidize ammonia to nitrite in heterotrophic conditions. To compare these hydrothermal isolates with other marine nitrifiers, 21 nitrite-producing heterotrophic wild strains, isolated from french coastal areas, were included in the diversity study.
All strains were cultivated in organic conditions (2216E medium) and API 20NE identification kits were used for a rapid determination of strain characteristics. This identification procedure has been used successfully for characterizing marine bacteria (MacDonell et al. 1982; Breschel and Singleton 1992) . This micro method combined 10 conventional enzymatic assays (i.e., for nitrate reduction, denitrification, indole production, glucose fermentation, arginine dihydrolase, urease, P-glucosidase, gelatinase, P-galactosidase, and cytochrome oxidase) and 12 carbohydrate assimilation tests (i.e., for D-glucose, L-arabinose, D-mannose, ~-mannitol, N-acetyl Dglucosamine, maltose, D-gluconate, caprate, adipate, L-malate, citrate, and phenyl acetate). In addition, gram stain reaction, cell morphology, motility, and colony pigment were recorded. Catalase production was determined with 3% H202. The physiological tolerance of the strains to temperatures (5,35,45, and 50°C), NaCl concentrations (0,10, and 20% NaCl), and pH values (4.5, 5.0, 9.0 and 10.0) were evaluated. Also, each isolate was characterized by its nitrifying activity level and strains producing >20 pmol N02-/(L. day) in organic conditions were considered good nitrifiers. Unless indicated otherwise, all tests were canied out at 20°C.
Each population and group of nitrifiers was characterized by its versatility. It was calculated as ratio of mean number of assimilated carbohydrates to number of used carbohydrates and expressed as percentage.
For phenotypic diversity, all tests were coded (0, negative; 1, positive) and the codes were entered in a data matrix. Individual tests that were positive or negative for all the bacteria were eliminated for subsequent analysis. The datamatrix was used to estimate the strain similarities, with the calculation of the simple matching coefficient SSM (Sokal and Michener 1958) . Cluster analysis was carried out by using the unweighted pair group method with average (Sneath and Sokal 1973) .
Results
Hydrothermal nitrifier distribution
The isolation protocol described above yielded 160 bacterial strains able to produce nitrite in mineral medium. The collection was composed of 81 isolates from the 13"N site and 79 isolates from Guaymas Basin. At the former site, 65 strains were isolated from invertebrate tissues (16 from Rzftia sp. (Vestimentifera), 20 from Bathymodiolus sp. (Bivalvia), and 29 from Alvinella sp. (Annelida, Polychaeta)), 8 strains originated from seawater, and 8 strains were isolated from chimney rocks. At the Guaymas Basin, 38 strains were isolated from sediment, of which 14 strains were from overlying water, 22 strains originated from vents (12 from chimney rocks and 10 from fluid), 13 bacteria were isolated from seawater, and 6 were from the polychaete annelid Alvinella sp. The presence of these bacteria in different sources of samples showed their ubiquitous distribution in hydrothermal ecosystems. However, the number of strains isolated from each type of sample did not readily indicate the abundance of nitrite producers because the number of studied samples was different for each source.
Physiological study
Nitrite production and growth kinetics were studied for each isolate in mineral conditions (for 1 month) and in organic conditions (for 1 week). Nitrite, nitrate, ammonia, and growth were monitored weekly in mineral medium and daily in organic medium. Nitrite production and growth were expressed in micromoles of N O 2 per litre and turbidity (OD6()()), respectively.
In mineral conditions, nitrite production and growth kinetics were studied with one representative isolate of each geographical site (Guaymas Basin and 13"N). Turbidity variations were never detected because cell yield was too low. However, all strains produced nitrite and their kinetics were the same whatever geographical origin or sample source. They were composed of three phases: a rapid nitrite production during 1 st week, a slow increase for the next 2 weeks, and then a nitrite decrease in the cultures.The persistent nitrite production over several weeks could result from autotrophic activity, but this possibility was excluded because maximum nitrite productions were between 10 and 25 pmol NO2-/L according to the strains. These nitrite production levels were very low compared with those observed for obligate autotrophic nitrifying bacteria, which are able to produce 1 x 105 -3 x105 pmol N02'/L. Ammonia added to mineral medium at the beginning of experiment remained in the order of 3 x lo3 pmol NH4+/L for all incubation times and nitrate was never detected.
In organic conditions, growth and nitrite production kinetics were studied for each isolate. Contrary to mineral conditions, heterotrophical growth was intense and started rapidly. No lag phase was observed in cultures, but for 25% of strains, regardless of their origins, growth stopped after 3 or 4 days with a OD in the order of 0.8 x 10. For the others, the exponential growth continued and a higher turbidity was observed in 6-day-old cultures (OD > 1.0 x 10). In the presence of organic matter, according to nitrite production kinetics and regardless of their origin, isolates could be divided in four physiological groups (Fig. 1) . Group A was composed of 61 strains with a very low nitrite production (< 10 pmol NO2-/L) and after 2 days nitrite disappeared in cultures. Group B comprised only 14 isolates that also had a low production, but nitrite was still present after 1 week of incubation. Groups C and D (58 and 27 isolates, respectively) were characterized by relatively high levels of nitrite production and so nitrite formation later disappeared. In group C, nitrite production was very rapid, with the maximal nitrite level reached within 1 day. In group D, nitrite production was slower; maximum nitrite accumulation appeared after logarithmic growth. In organic conditions, ammonia was not present at the beginning of experiments, but it was detected at high levels (5 x 103 -7 x lo3 pmol NH4+/L) after 1 day and then remained constant for all incubation times. It resulted from bacterial mineralization of organic nitrogen added to medium with peptone and yeast extract. Nitrate was never detected; then nitrite disappearance in cultures could result of nitrite assimilation or denitrification by isolates.
These hydrothermal organisms grew better heterotrophically than autotrophically and results illustrated typical characteristics of heterotrophic nitrifiers: relatively low but rapid nitrite production in a first phase and disappearance of nitrite formed in a second phase. For each isolate, nitrifying activity was estimated by the maximal nitrite production rate observed in kinetic studies. It was calculated for the 1st week (mineral conditions) or 1st day (organic conditions). In all cases, it was expressed in micromoles NO2-per litre per day. Results obtained were dispersed (1.39-45.09 pmol NO2-/(L . day)), but this variability was independant of the inoculum size because inoculation was standardized as noted earlier. To establish responsible factors for variability in nitrifying activities, data were divided in several sets in relation to growth conditions, geographical origins, and sample sources. Then, average of nitrifying activities was calculated for each set.
Comparison of averages in mineral and organic conditions .54 + 20.9 pmol NO2-/(L. day) in the organic medium for the 13"N and Guaymas Basin isolates, respectively. In two growth conditions, strains originating from Guaymas Basin seemed to be the highest nitrite producers, but the differences observed were not statistically significant. Variability in averages of nitrifying activities in relation to sample sources showed only very few differences among samples (Table 1) . In organic conditions, it was observed for the two geographical sites that samples collected on chimney rocks had a higher activity, while seawater samples showed a lower activity. However, data showed a large variability for the same type of samples; comparison of means was difficult and differences were not statistically significant. Thus, data were insufficient to distinguish between different populations of nitrifiers on the basis of their mean nitrifying activity. Isolate distribution according to the activity level (maximal nitrite production rate) was studied in nitrifier populations originating from the two hydrothermal sites and growing with and without organic matter (Fig. 2) . In organic medium, strains from the two sites had the same bimodal distribution. A quarter of isolates had a very low nitrifying activity ( < l o pmol NO2-/(L . day)), while the majority of strains produced large quantities of nitrite (<40 pmol NO2-/(L . day)). Conversely in mineral conditions, strains had different activity levels according to their geographical origin. Isolates from 13"N had a low nitrifying activity and only 7% of population produced more than 3 pmol NO2-/(L . day). Those from Guaymas Basin were better nitrifiers and the majority (82%) produced more than 3 pmol NO2-/(L . day). So, strains distribution according to their nitrifying activity level distinguished nitrifier populations 
Diversity study
Heterotrophic nitrifiers (160 hydrothermal isolates plus 21 coastal strains and 5 reference strains) were grown in organic medium and examined for 40 characters. All were aerobic, gram-negative rods. They grew at 35°C but failed to grow at 50°C, 20% NaC1, and pH 4.5 and 10.0. The exclusion of these seven characters meant that description of nitrifier populations and phenotypic study of strains were based on 33 characters. Results are shown in Table 2 . All strains but seven were motile and 88% were unpigmented. The majority had a temperature tolerance between 5 and 45°C; half grew at 0 and 10% NaCl and at pH 9, but a few tolerated pH 5 (13%). Their participation in nitrogen cycling seemed important, because 61% produced more than 20 pmol NO,-/(L.day) in organic conditions, 84% reduced nitrate to nitrite, and 17% was able to denitrify. However, these populations were characterized by a relatively low diversity of metabolisms. Three of the tested metabolisms were observed only once (indole production, glucose fermentation, and arginine dihydrolase). Carbohydrates assimilation was low and varied with substrates. All were used, but five of those (arabinose, mannose, N-acetyl glucosamine, caprate, and phenyl acetate) were assimilated by < 10% of isolates.
These physiological characters varied according to geographical origin. Thus, hydrothermal isolates showed a higher diversity of metabolisms compared with coastal strains, and their nutritional capacity or versatility was higher (with tests used in this study): 30,23, and 6% for Guaymas Basin, 13"N, and coastal strains, respectively. Hydrothermal nitrifiers also (Table 2) . For tolerance tests, the population from 13"N was different from the population originating from Guaymas Basin and resembled coastal isolates. As the latter two, only few isolates from 13"N grew at 5 and 45"C, but a lot tolerated salinity variations between 0 and 10% NaCl and pH 9. In addition, in these two populations, nitrate reducer and denitrifier numbers were lower than in Guaymas Basin population.
Nitrifier populations according to hydrothermal sample sources were distinguished on the basis of their physiological characters (Table 2) . Unlike the others, no isolate from fluid grew at low temperature (5°C) and 90% of those tolerated 10% NaC1. The majority of strains originated from animals grown at pH 9 (79%) and without NaCl (73%). In addition, isolates from samples directly bound to hydrothermal activity (fluid, chimney, and sediment) seemed be more metabolically active than others. Percentages of strains showing a high heterotrophic nitrifying activity (>20 pmol N02-/(L. day)) were 68, 83, 71, 50, and 53% in fluid, chimney, sediment, seawater, and animal populations, respectively. In the same way, their versatilities were 33, 34, 30, 20, and 25% in fluid, chimney, sediment, seawater, and animal populations, respectively. These observations showed the diversity of heterotrophic nitrifier populations originating from hydrothermal ecosystems.
Phenotypic study based on 33 characters provided simply some indications of phenotypic diversity of isolates. So, an abbreviated description (dendrogram) was sufficient and only the characteristics of each group were described. All strains were gathered at a low similitary value (SsM 2 53%) showing a high diversity in the population (Fig. 3) . The dendrogram was formed of five groups that included 15 phenotypes and 4 single strains. Group I (SSM 2 75%) contained 60 isolates distributed across three phenotypes and one single strain. This group included bacteria originating from hydrothermal sites and one reference strain, Alcaligenes aquamarina (ATCC 33127). The majority (97%) possessed a high nitrifying activity in organic conditions (220 ~m o l NO2-/(L . day)) and all strains reduced nitrate to nitrite, but only one was able to denitrify. These bacteria were characterized by a high versatility (49%), but isolates were unable to grow on mannose, caprate, and N-acetyl glucosamine. All strains tolerated the presence of 10% NaC1.
Group I1 (SSM 2 74%) contained 63 isolates that were distributed among five phenotypes. It gathered all coastal strains (21 isolates), many bacteria isolated from 13"N (37 isolates), only seven strains originating from Guaymas Basin, and one reference strain, Pseudomonas sp. (ATCC 39451). These isolates were characterized by a low metabolic activity. Fifty-four percent of those had nitrifying activity of <20 kmol NO2-/(L.day) in organic conditions and 53% was unable to reduce nitrate. Nutritional versatility was very low (6%); no strain assimilated malate. Strains of this group also possessed characters of coastal nitrifiers as noted earlier (low tolerance at 5"C, 45"C, and pH 5 but high tolerance at salinity variations of 0-10% NaCl and pH 9).
Group I11 (SsM r 75%) comprised 50 isolates originating from hydrothermal sites and 1 reference strain, Pseudomonas nautica (ATCC 27 132). These strains must have a good participation in nitrogen cycle because 76% nitrified more than 20 kmol NO2-/(L . day) and 88% was able to reduce nitrate to nitrite. However, their nutritional capacity was relatively low (versatility = 15%). Five substrates among twelve were never used for growth (arabinose, mannose, N-acetyl glucosamine, caprate, and phenyl acetate). In this group, 70% of the isolates tolerated 45"C, 90% required NaCl for growth, and no strain grew at pH 5.
Group IV showed one phenotype, which formed at an SSM value of 82%, and gathered five bacteria isolated from Guaymas Basin sediment. These strains slightly nitrified in organic conditions (<20 kmol NO2-/(L.day)), but all were able to denitrify. Their nutritional capacity was high (52%). Six among twelve substrates were used for growth (glucose, maltose, gluconate, caprate, malate, and citrate). They seemed adapted to more elevated temperatures than other strains; no strain grew at 5°C and all grew at 45°C. They did not require NaCl for growth and did not tolerate pH 9.
As previous group, group V (SsM r 63%) showed only one phenotype. It gathered four wild strains originating from invertebrate tissues and chimney rocks and two reference strains, Flavobacterium marinotypicum (ATCC 19260) and Arthrobacter sp. (ATCC 21908). In this group, all bacteria had a poor nitrifying activity in organic conditions (<20 pmol NO2-/(L . day)) and only two isolates reduced nitrate to nitrogen gas. However, these strains had a high versatility (58%). Malate and gluconate were assimilated by all strains. As isolates from group IV, no strain grew at 5°C.
Discussion
In this study, aimed specially at the detection of nitrifying bacteria in East Pacific deep-sea hydrothermal vents, an isolation procedure adapted to autotrophic nitrifiers was used, because these bacteria must be present in this environment (Jannasch 1985) . However, this procedure yielded numerous bacteria that grew better heterotrophically than autotrophically and possessed characteristics of heterotrophic nitrifiers. This discrepancy could be due to procedure of colony selection on plates. Autotrophic ammonia oxidizers are acidogenic and form deep red colonies on neutral red plates (MacDonald and Spokes 1980) , but in our study, no colony was deep red and orangecoloured colonies were selected. They corresponded to little acidogenic bacteria but not to autotrophic nitrifiers. However, they were able to grow in isolation mineral medium, using traces of organic matter introduced by samples, seawater, and substrate impurities. Among these organisms, nitrite producers were selected.
Our data indicated that these heterotrophic nitrite producers were widely and uniformly distributed in various parts of hydrothermal ecosystem. These results strongly support the observations of previous investigators studying heterotrophic nitrifiers, who thought that these bacteria are less affected than autotrophic nitrifiers by environmental conditions (Schimel et al. 1984; Killham 1986 Killham , 1987 . Then, it is not surprising that heterotrophic nitrifiers grow in perturbated environment as deep-sea hydrothermal vents.
A physiological study showed that these hydrothermal I strains possessed all characteristics of heterotrophic nitrifiers.
They nitrified better with than without organic matter because the average nitrite productions were 2.69 and 33.30 pmol NO2-/(L . day) in mineral and organic conditions, respectively. In mineral medium supplemented by 200 mg (NH4)2S04/L (i.e., 3 mmol NH4+/L), organic nitrogen only introduced by seawater and substrate impurities must be insufficient to assure growth and good nitrifying activity. Conversely, organic medium was ammonia free but contained 53 mmol N-organic/L supplied as yeast extract and peptone. This organic nitrogen was rapidly mineralized by isolates, which produced 5-7 mmol NH,+/L, and then a little part of this ammonia was oxidized to nitrite. In this organic medium, heterotrophic nitrifiers were stimulated, their kinetics of growth and nitrite production were very rapid, and their activity levels were higher than those growing in mineral medium. However, they were unable to accumulate more than 50 pmol NO2-/L after incubation time, corresponding to 1/100 of ammonia accumulated in cultures by ammonification. This production is low compared with autotrophic species, but no heterotrophic nitrifier yields substantial amounts of nitrite (Focht and Verstraete 1977) . Previous studies indicated that heterotrophic nitrite production varies with the organism and the substrate, ranging from a few ppm (Alexander et al. 1960 ) to 1 800 ppm with Alcaligenes sp. under optimal conditions (Castignetti and Gunner 1980) . Our data were inferior but corresponded to results obtained by Eylar and Schmidt (1959) in soil samples. These low activity levels were not caused by exhaustion of available nitrogen, because ammonia was always in excess in cultures (5-7 mmol NH4+/L). This may be because isolates did not cultivate under optimal conditions or because a underestimation of nitrite that formed later dropped values close to zero. During nitrite reduction, nitrate could not be detected in culture. Then, nitrite was not oxidized, but it could be assimilated or denitrified by isolates. This is consistent with previous studies that showed that only few fungi are able to accumulate nitrate in organic medium (Schmidt 1959; Hora and Iyengar 1960; Marshall and Alexander 1961; Doxtader and Alexander 1965; Molina and Alexander 1972) . However, nitrate tests used in this study detected only amounts greater than 5 mg N-NO3% (350 pmol NO3-/L), which were elevated compared with nitrite measurements but in the range of nitrate values observed for heterotrophic nitrifiers. In this way, under optimal conditions Arthrobacter sp. is able to produce 1000 pmol NO3-/L (Laurent 1971) . Generally, when heterotrophic nitrifiers produce nitrate, the amounts are significantly higher than nitrite quantities. It seems that nitrate detection tests were sufficient and it appears that the isolates did not produce nitrate.
The diversity study indicated that all strains were aerobic, gram-negative rods. They were mesophilic, neutrophilic, and moderated halophilic, and the majority was motile and colourless. They were characterized by a low nutritional capacity (with substrates used in this study), unfermentative metabolism, and a high ability to reduce nitrate or denitrify. These characters are generally observed for marine heterotrophic microflora. However, high percentages of nitrate reducers (99% from Guaymas Basin and 78% from 13"N site) may characterize hydrothermal heterotrophic nitrifiers, because only 67% of coastal strains were able to reduce nitrate. In a previous study on heterotrophic nitrifiers from French Coast, it was also noted that 60% of the strains tested was able to reduce nitrate (MCvel 1986 ). In addition, elevated percentages of nitrate reducers were also observed in another type of hydrothermal heterotrophic population, the sulfur oxidizers (Jump and Tuttle 1981; Durand 1992) . Consequently, the ability to reduce nitrate may be an ubiquitous character among heterotrophic bacteria originating from hydrothermal ecosystems and not a specific character to hydrothermal heterotrophic nitrifiers. In contrast, 30-37% of the heterotrophic sulfur oxidizers was fermentative (Jump and Tuttle 1981; Durand 1992) , while in our study only one strain was able to ferment. The inability to grow fermentatively, observed for all strains of this study, could be specific to heterotrophic nitrifiers.
It seems that geographical origin is important in the determination of heterotrophic nitrifier populations. Actually, hydrothermal strains differed from coastal isolates by some physological and nutritional characters. Their nitnfying activity and reduction nitrate were more important and their versatility higher. Considering environmental parameters (temperature, salinity, and pH), the 13"N population resembled coastal strains. It was more difficult to distinguish between the nitrifier populations originating from different sample sources, on the basis of their nitrifying activity or physiological and nutritional characters. Only few differences were noted. However, a phenotypic study showed a wide diversity among all isolates, even if majority of strains could be related to only two genera: 69% of the hydrothermal strains was grouped with Pseudomonas and 32% was situated in the Alcaligenes group. Numerous authors reported these two bacterial genera are able to carry out heterotrophic nitrification (Verstraete 1974; Castignetti and Gunner 1980; Papen et al. 1989) . In varied ecosystems, Pseudomonas genera is the most frequently represented among heterotrophic nitrite producing bacteria (Brisou and Vargues 1962) .
This study showed the high physiological and nutritional diversity of hydrothermal heterotrophic nitrifiers. They are able to produce substantial ammonia by ammonification, low nitrite quantities by heterotrophic nitrification, and reduce nitrite and nitrate and denitrify. They are also able to grow in mineral and organic conditions and tolerate a relatively large range of temperatures, pH, and salinities. Because of this high diversity, such bacteria are good competitors in natural environments. They possess a large potential to occupy physical and nutritional niches that perturbed hydrothermal habitats might offer. Consequently, they have an ubiquitous distribution in such ecosystems. In addition, they can contribute largely to nitrogen cycle by ammonification, nitrification, and nitrogen reduction. Even if their nitrite production is low comparatively to autotrophic nitrifiers, it is compensated by their large numbers. It is necessary to understand which environmental factors will favour some rather than the others.
